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ABSTRACT
Optical periodicity QSOs found by transient surveys are suggested to be sub-parsec
supermassive binary black holes (BBHs). An intriguing interpretation for the period-
icity of some of those QSOs is that the continuum is radiated from the accretion disk
associated with the BBH secondary component and modulated by the periodical rota-
tion of the secondary via Doppler-boost effect. Close to edge-on orbital orientation can
lead to more significant Doppler-boost effect and thus are preferred for these systems,
which is distinct from those normal type-1 QSOs with more or less face-on orientations.
Therefore, the profiles of broad lines emitted from these Doppler-modulated systems
may be significantly different from other systems that are not Doppler-modulated.
We investigate the properties of the broad emission lines of optical-periodicity QSOs,
including both a sample of QSOs that can be interpreted by the Doppler-modulated
effects and a sample that cannot. We find that there is no obvious difference in the
profiles and other properties of various (stacked) broad emission lines of these two sam-
ples, though a simple broad line region model would suggest significant differences.
Our finding raises a challenge to the Doppler boost hypothesis for some of those BBHs
candidates with optical periodicity.
Key words: black hole physics–line: profiles–galaxies: active–galaxies: quasars: su-
permassive black holes
1 INTRODUCTION
Supermassive binary black holes (SMBBHs) have long
been anticipated to exist in centers of many galax-
ies as the natural products of hierarchical galaxy merg-
ers (e.g., Begelman et al. 1980; Yu 2002) because most
galaxies host a massive black hole (MBH) in their cen-
ters (e.g., Magorrian et al. 1998; Tremaine et al. 2002;
Kormendy & Ho 2013). Searching for sub-parsec SMBBHs
has become a hot topic in recent years, and a number of
candidates have been found according to various plausi-
ble SMBBH signatures, including particular line features,
such as double-peaked/asymmetric line profile or offset lines
(e.g., Tsalmantza et al. 2011; Eracleous et al. 2012; Ju et al.
2013; Liu et al. 2014; Guo et al. 2019), optical-UV flux
deficit (e.g., Yan et al. 2015; Zheng et al. 2016), and peri-
odical variation of light curves (e.g., Graham et al. 2015a,b;
Charisi et al. 2016, 2018; Li et al. 2019). However, it is still
difficult to confirm that any of these candidates is really a
sub-parsec SMBBH system.
Among those candidates, more than 100 are the opti-
cal periodicity QSOs (typically with period about 1 to a
few years) found through transient surveys (e.g., Catalina
Real-time Transient Survey, Palomar Transient Factory, and
Rapid Response System (Pan-STARRS)), of which some
were suggested to be due to orbital modulated accretion
rate variation (e.g., Graham et al. 2015a; Charisi et al. 2016;
Liu et al. 2019) or relativistic Doppler boosted continuum
radiation from active SMBBH systems. The most intriguing
example is PG1302-102, of which the optical-UV contin-
uum variation appears to be consistent with the Doppler
boosting of the continuum radiation from the disk associ-
ated with the secondary MBH (e.g., D’Orazio et al. 2015;
Xin et al. 2019). Charisi et al. (2018) have further investi-
gated the viability of Doppler boost interpretation for a sam-
ple of those SMBBH candidates with optical periodicity by
using their optical-UV continua, the steeper the UV con-
tinua, the more significant the Doppler boost effect. They
found that about one-third of them can be interpreted as
the Doppler-modulated SMBBHs while others cannot, al-
though these targets may be still contaminated by normal
QSOs (with a maximum fraction of 37% in the FUV band)
due to their color-dependent variability.
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Apparently the Doppler boost effect is also dependent
on the orientation of orbital plane relative to the line of
sight (LOS), and the effects for those systems with close to
edge-on orbital orientation are much more significant than
that for face-on ones, which require higher rotating veloci-
ties to present similar Doppler boost effect as the edge-on
cases. Therefore, the orbital orientation for those systems
that can be interpreted by the Doppler boost effect may be
more likely to have close to edge-on orbital orientations. Ac-
cording to Graham et al. (2015a), for example, the orbital
inclination of PG 1302-102, defined as the angle between the
disk normal and the LOS, requires to be >
∼
60◦ if its optical
periodicity is explained by the Doppler boost effect. How-
ever, normal QSOs or those QSOs with optical-periodicity
but not due to the Doppler boost are supposed to have more
face-on oriented disk according to the standard AGN unifi-
cation model (e.g., Antonucci 1993; Krolik 1999). Assuming
the orbital plane is aligned with the disk, then the profiles of
broad lines of the Doppler-modulated systems are expected
to be systematically different from that of those systems
with insignificant Doppler boost effects due to the possible
systematic differences in the disk orientations, since broad
line regions (BLRs) are generally flattened and not spheri-
cal (Pancoast et al. 2012, 2014a,b; Williams et al. 2018). If
the BLR is not aligned with the BBH orbital plane or they
are significantly mis-aligned, the systematic difference may
become weaker.
In this paper, we investigate the properties, espe-
cially profiles, of the broad emission lines of those optical-
periodicity QSOs, and check whether there are systematic
differences in the broad lines emitted from those BBH can-
didates that can be interpreted by the Doppler-modulated
effects and those that cannot.The paper is organized as fol-
low. In Section 2, we introduce the optical-periodicity QSO
samples, data analysis of spectroscopic data adopted from
Charisi et al. (2018), and a BLR model to fit broad line pro-
file. In Section 3, we present main results on the line proper-
ties of individual sample objects and the stacked line profiles
for both the sample that can be interpreted by the Doppler
boost effect and that cannot, then we test the the Doppler
boost hypothesis, by comparing the expected stacked broad
line profile, obtained for the proposed Doppler boost sample
objects via the simple BLR model, with the observational
one. Conclusions are summarized in Section 4.
2 SAMPLE, DATA ANALYSIS, AND A SIMPLE
BLR MODEL FOR LINE PROFILE
2.1 Sample
Charisi et al. (2018) collected a sample of BBH candi-
dates via optical periodic variations, including 21 objects of
which the periodicity was proposed to be due to relativistic
Doppler boost (DB; here after denoted as DB objects), and
47 objects of which the periodicity is not due to relativistic
Doppler boost (hereafter denoted as non-DB objects). By
cross-matching those objects with the SDSS spectral cata-
log DR13 (Albareti et al. 2017), we find that all the 21 DB
objects and 40 out of the 47 non-DB objects have SDSS
spectra. Hereafter we take those 21 DB objects as the DB
sample and those 40 non-DB objects as the non-DB sample.
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Figure 1. Examples of the spectral fitting (top panel) and the
model fitting to the line profile of Mg ii (bottom panel; for object
SDSS J125414.23+131348.1). In the top panel, the observed spec-
trum (grey curve) is fitted by the combination of three compo-
nents, i.e., a power-law continuum (green), a Gaussian Mg ii broad
line (blue), and multiple lines from Fe ii templates by Sigut et al.
(2004) described by Gaussian profiles with the same velocity dis-
persion (magenta). The best fit is shown by the black curve in
the top panel. In the bottom panel, the grey curve shows the
Mg ii profile obtained by subtracting the best-fit continuum and
Fe ii lines from the observed spectrum. The red line represents the
best-fit Mg ii profile to the grey curve obtained from the simple
BLR model introduced in Section 2.3.
2.2 Data analysis
For the DB and non-DB samples, we can identify broad
emission lines like C iii], C iv, Mg ii, and others from their
SDSS spectra. The numbers of these BBH candidates that
have Mg ii, C iii], and C iv lines in their SDSS spectra are
among the top three, hence we take them for following anal-
ysis. We adopt a model with three components to fit each
observed spectrum, i.e., a power-law for continuum, a Gaus-
sian profile for each broad line, and multiple lines from
Fe ii templates (Sigut & Pradhan 2003; Sigut et al. 2004)
described by Gaussian profiles with the same velocity dis-
persion (which can be different from that for the broad line).
Fe ii lines are considered here as they contaminate the above
three lines (especially Mg ii) significantly. The wavelength
windows in the rest frame for the fittings to each broad line
are 1450-1650, 1800-2000, and 2700-3000A˚, respectively, and
the windows for Fe ii lines are 1450-1530, 1570-1650, 1800-
1880, 1940- 2000, 2700-2770, and 2830-3000A˚. A broad emis-
sion line, either C iii], C iv, or Mg ii is confirmed if the best
fit gives an FWHM > 1000 km/s and a peak flux > 3σ
significance. Figure 1 shows an example for such a model
fitting to Mg ii line of an object SDSS J125414.23+131348.1
(top panel). The total numbers of those objects that have
confirmed broad emission line C iii], C iv, and Mg ii in each
sample are listed in Table 1, respectively. As seen from Ta-
ble 1, most sample objects have confirmed Mg ii, while only
a small fraction (or <
∼
50%) of the sample objects have con-
firmed C iv or C iii] lines.
We analyze these three broad emission lines in the fol-
lowing ways in order to investigate the properties of the DB
MNRAS 000, 000–000 (0000)
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Table 1. Number of BBH candidates that have different broad
lines in their SDSS spectra
sample C iv C iii] Mg ii
DB 7 12 21
non-DB 7 13 36
and non-DB samples. First, we stack the observed profiles of
each line together for each sample, in which the integrated
flux of each line is normalized to 1 before stacking. In this
way, we may find whether there is a systematic difference
between the mean line properties of the two samples. Sec-
ond, we compare the FWHM distributions of each broad
line resulting from the above model fittings to the objects in
both samples. If the DB and non-DB samples are correctly
classified based on the relativistic DB, then this DB effect
should be reflected by the difference between the stacked line
profiles of the DB sample and that of the non-DB sample, as
well as the differences between the FWHM distributions of
the lines for objects in the DB sample and that in the non-
DB sample, provided that the geometry of BLR is flattened
and the DB objects are preferably viewed at a directly close
to edge-on.
Beside the mean profile and the FWHM distribution,
another important quantity to indicate the difference is the
inclination angle of the BLR, which can not be derived with-
out BLR modeling. To have a further understanding on line
properties for objects in those two samples, below we intro-
duce a simple BLR model in order to give a rough estimation
of the inclination angle for each object.
2.3 A simple model for the broad line fitting
The broad emission line profiles are determined by the BLR
geometry, kinematics, and structures. We assume that BLR
is composed of a large number of clouds/clumps, rotating
around the central supermassive black hole(s) on circular or-
bits due to gravity. We assume that the number density dis-
tribution of the BLR clouds/clumps is only a function of ra-
dius, and it is cut at an inner radius of Rin. The BLR may be
also flattened. Based on these simple assumptions, the line
profile can be simply estimated as (Blumenthal & Mathews
1975, 1976)
F (λ) ≃
∫ Rout
Rin
∫ θ2
θ1
∫ 2pi
0
nc(r)jc(r)δ
[
λ− λ0
(
1 +
υ‖
c
)]
×r2 sin θdrdθdφ, (1)
where λ0 is the center of a line, nc(r) the number density
distribution of clouds, jc(r) the emissivity, v‖ is the pro-
jected velocity of a cloud along the LOS, θ1 and θ2 defining
the flattening of the BLR. In our calculation, jc is set to be
constant.
The semi-major axis of a BBH system with a total mass
of M•• and a period of Porb can be roughly estimated as
aBBH = 6.75
(
M••
108M⊙
)1/3(
Porb
1460 day
)2/3
lt-days. (2)
All the sub-parsec BBH candidates in our sample have peri-
odic variations on timescales around a few years, which are
taken as the orbital periods of the binary systems. Adopt-
ing the above equation, we can thus estimate the semi-major
axis for each BBH candidate in our sample by adopting those
values for M•• and Porb given in Graham et al. (2015b) and
Charisi et al. (2016).
For an active MBH, the BLR size can be inferred from
its optical luminosity by using the empirical relationship be-
tween BLR size and optical luminosity given by (Bentz et al.
2013; Lu et al. 2016), i.e.,
log(RLBLR/lt-day) ≃ 1.527 + 0.533 log
[
λLλ(5100A˚)
1044erg s−1
]
(3)
with a scatter of ∼ 0.13−0.2 dex (see also Kaspi et al. 2000,
2007). This tight relationship is basically a result of the
photon-ionization nature of broad emission lines (Peterson
1997). For this reason, the BLR size of a BBH system can
be similarly estimated if BLR is far away from the BBH, al-
though the difference in the potential of a BBH system from
that of a single black hole system may have some effect. We
therefore adopt Equation (3) to estimate the BLR size for
each BBH candidate.
We find that RLBLR of those BBH systems are substan-
tially larger than their semi-major axes according to above
calculations. The ratio RLBLR/aBBH ranges from about 6 to
136 for the BBH candidates in our sample, with a median
value of 42. Therefore, it is safe to assume that those broad
lines are emitted from regions rotating around but far away
from the binary systems, i.e., a circum-binary BLR.
The BLR geometry and structure have been intensively
studied in the past several decades and it becomes clear
only recently. Pancoast et al. (2014a) find that the BLRs of
a few AGNs are significantly flattened, with an opening an-
gle of ∼ 27◦−49◦. Gravity Collaboration et al. (2018) make
a breakthrough discovery on the BLR structure of 3C 273 by
resolving its kinematics and find the half opening angle of
the flattened BLR is about 45◦, consistent with the results
by Pancoast et al. (2014a). Therefore, we model the geom-
etry of a BLR similar to that described in Section 2.4 of
Pancoast et al. (2014a), and define it with six free parame-
ters: the mean and inner radius of BLR (RBLR, Rin), radial
shape parameter β, opening angle θo, inclination angle iBLR,
and the central black hole mass MBH.
For each broad emission line, we perform the Markov
Chain Monte Carlo (MCMC) calculations by using the soft-
ware package “emcee” (Foreman-Mackey et al. 2013) to de-
rive the best fitting results of the above six parameters. The
initial parameter setups are as follows. We allow RBLR to
vary from 0.1RLBLR to 5R
L
BLR.
1 For each RBLR, we set the
inner radius of the BLR as Rin in the range of [0, RBLR].
1 Note that the estimated MBH mass for each object may depend
on the assumption of the BLR geometry and others and thus
biased from the true MBH mass by a factor of 3 or so (Krolik
2001). However, the line profile basically depends on the velocity
field of the broad line clouds, which depends on
√
M••/dc with
dc ∼ RBLR defined as the distance from a cloud to the mass
center, if assuming circular orbits. Therefore, the uncertainties
in the mass estimates can be absorbed into the uncertainties of
RBLR. For this reason, we assume RBLR varies from 0.1R
L
BLR to
5RLBLR (by also considering the scatter in the estimates of R
L
BLR
according to Eq. 3) and we do not separately consider the mass
uncertainties in our simple model for fitting the broad line profile.
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4 Song et al.
Figure 2. The stacked C iv+Fe ii, C iii]+Fe ii, and Mg ii+Fe ii broad lines (top panels from left to right) and the FWHM distributions
for the C iv, C iii], and Mg ii broad lines among the objects in the DB sample and the no-DB sample (bottom panels from left to right),
respectively. In each top (bottom) panel, red and blue curves (histograms) represent the results obtained for the DB and non-DB sample,
respectively. In each of the three small panels right below the top panels, the grey curve shows the difference between the stacked line
profile of the DB sample (red curve) and that of the non-DB sample (blue curve). This figure illustrates that there is no significant
statistical difference between the profiles of the broad lines emitted from objects in the DB sample and those from objects in the non-DB
sample.
The inclination angle (iBLR) is set to be in the range from 0
◦
(face-on) to 90◦ (edge-on). The open angle varies in range
of [0◦, 90◦], and central black hole mass are in the range
of [0.1M••, 5M••]. The bottom panel of Figure 1 shows
an example of the fitting, in which the model profile (red
line) matches the observed line profile well (with a reduced
χ2ν ∼ 1).
3 RESULTS
We present our main results on stacked line profiles and
fitting the broad line profiles via the simple BLR model in-
troduced in Section 2.3.
3.1 Stacked line profiles
Figure 2 shows the stacked C iv+Fe ii (top-left panel),
C iii]+Fe ii (top-middle panel), and Mg ii+Fe ii (top-right
panel) for the DB and non-DB samples, respectively, and
also shows the FWHM distributions of those lines among the
objects in each sample (from bottom left to right panels).
In each top (bottom) panel, the blue and red curves (his-
tograms) represent results obtained for the non-DB sample
and DB sample, respectively. The difference between the two
stacked profiles shown in each top panel is correspondingly
shown in a small panel right below it, and it is fluctuating
around 0 at different wavelengths. We also apply t-test to
check whether the two FWHM distributions shown in each
bottom panel are significantly different from each other, and
we obtain t-test p-values as 0.31 (C iv), 0.34 (C iii]), and
0.38 (Mg ii), respectively, which suggest that the FWHM
distribution of each line of the DB objects is statistically
not different from that of the non-DB objects. This figure
clearly demonstrates that the stacked profiles of each broad
line obtained for the DB and non-DB samples are almost
the same.
Under the Doppler hypothesis, however, we note here
the stacked broad line profile for the proposed DB objects
is expected to be different from that of non-DB objects as
the proposed DB objects are supposed to be viewed prefer-
entially at close to edge-on direction while the non-DB ob-
jects are not, if assuming that the non-DB and DB objects
have the same BLR geometry and structure. This expecta-
tion seems to be in contradict with the observational results
presented above. To further understand the observational
results and its constraints on the Doppler boost hypothesis
for some BBH candidates, we further adopt the simple BLR
model to investigate the broad line properties of the DB and
non-DB objects below.
3.2 Line profile Modelling and Observational
Constraints on the DB hypothesis
We apply the Python MCMC code “emcee” to constrain pa-
rameters of the simple BLR model introduced in Section 2.3,
by fitting the Mg ii broad line of each object in both the DB
and non-DB samples. Here we only consider Mg ii because
it is identified in the SDSS spectra of most objects in our
sample (Table 1), while other lines are only identified in
MNRAS 000, 000–000 (0000)
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Figure 3. Top- and bottom-left panels show the distributions of
the best-fit model parameters (assuming the simple BLR model
introduced in Section 2.3), i.e., inclination angle i and BLR size
RBLR (in unit of aBBH), among the objects in the non-DB (blue
histogram) and DB (red histogram) samples, respectively. Top-
and bottom-right panels show the stacked line profiles for Mg ii
(by subtracting the best-fit continuum and Fe ii lines) obtained
for the non-DB (blue curve) and DB (red curve) samples, and also
the stacked modelled line profile (black lines) by adding the best-
fit Mg ii profile of each object in the two samples, respectively.
the SDSS spectra of a small number of sample objects. By
matching the observed line profile, we can derive the incli-
nation angle and the BLR size of each BBH system.
Figure 3 shows the distributions of the model parame-
ters [i.e., inclination angle i (top-left panel) and mean BLR
size in unit of the BBH semi-major axis (bottom-left panel)]
obtained from the simple BLR model, and the stacked pro-
files obtained from the best-fits to Mg ii for the DB (bottom-
right panel) and non-DB (top-right panel) objects, respec-
tively. As seen from this figure, the inclination angles ob-
tained from the model fittings to both DB and non-DB ob-
jects are mostly in the range from a few to ∼ 45 degree,
which suggests that those sample objects are observed at
orientations preferentially face-on. The best-fit BLR size is
significantly larger than the semi-major axis for each BBH
candidate (RBLR/aBBH in the range from 14 to 286), this
again validates the assumption of circum-binary BLR made
in Section 2.3. The stacked profiles obtained from the best-
fits of Mg ii lines (black lines in right panels) also match the
observed profiles well for both the non-DB (top-right panel)
and DB (bottom-right panel) samples.
The inclination angles for the proposed DB objects
are expected to be systematically larger than those for the
non-DB objects if the Doppler boost hypothesis is correct
(Charisi et al. 2018), as DB objects are preferentially ob-
served at close to edge-on orientations. Such an expected
differences in inclination angles would lead to significant dif-
ference between the stacked broad line profiles of the DB
objects and those of the non-DB objects. To check such line
profile differences, we take the best-fits of BLRs for Mg ii
lines of those 36 non-DB objects as templates, and ran-
domly choose 21 of them and replace the inclination angle
for each of these 21 objects by a new one randomly selecting
from sin i over the range from sin 45◦ to sin 90◦ [see incli-
nation angle distribution (red histogram) in top-left panel].
These 21 objects are taken as the mock DB sample, of which
the Mg ii profiles can be calculated according to the simple
BLR model and added together to form a stacked Mg ii line
profile that is expected for the proposed DB sample under
the Doppler boost hypothesis. For each mocked profile, we
add the flux error to it based on the observed flux error
of each Mg ii broad line by assuming that the flux uncer-
tainty at each wavelength follow a normal distribution. The
stacked profile is then obtained by stacking all the mocked
profiles of QSOs in the mock DB sample, as shown by the
red curve and the associated shaded region in the top-right
panel of Figure 4. Obviously the expected stacked Mg ii pro-
file of the mock DB sample appears top-flat and has a weak
double-peaked feature, different from that for the non-DB
sample with a single peak, and it is also significantly broader
than that for the non-DB sample. The detailed differences
of stacked Mg ii profiles between the mock DB sample and
the non-DB sample are also shown in the bottom-right panel
of Figure 4, which present significantly different valleys and
summit from that shown in Figure 2 (see also differences
in the FWHM distributions shown in bottom-left panel of
Fig. 4). This expected stacked Mg ii profile is significantly
different from that obtained directly from observations for
the DB sample classified in Charisi et al. (2018), which pro-
vides a robust evidence to disapprove the DB and non-DB
sample classifications obtained under the Doppler boosting
hypothesis in Charisi et al. (2018), assuming that the orbital
plane is aligned with the disk for each target, and those DB
objects and non-DB objects have similar BLR geometry and
structures.
The DB QSOsmaybe contaminated by those with color-
dependent variability of 20% and 37% in the nUV and fUV
bands, respectively, that mimic the Doppler boosting sig-
natures (Charisi et al. 2018). In the DB sample, there are
7 QSOs identified by both the NUV and FUV bands, and
14 QSOs only by the NUV band. To clarify how the con-
taminated QSOs may affect our statistical analyses on the
comparison of DB and non-DB samples, we perform Monte-
Carlo simulations to construct a new DB sample by remov-
ing randomly selected 20% and 37% of the QSOs selected
from the NUV and FUV bands in the DB sample, respec-
tively. With the re-constructed DB sample, we perform the
same analysis procedures as done to the DB sample above.
By performing ten thousands of such simulations, we find
that the stacked line profiles for those re-constructed sam-
ples are all similar to that of DB sample, without removing
20% and 37% sources (red curve in the bottom-right panel of
Fig. 3), and no one is similar to the red curve shown in Fig-
ure 4. These simulations verify that although the DB sample
is possibly contaminated by normal QSOs, the sample prop-
erties of the DB sample are still statistically robust and the
possible contamination dose not affect our conclusion.
3.3 Orbital orientations of the DB sample
The above analyses are based on the assumption that the
BBH orbital plane is aligned with disk, however, whether
they are really aligned or not is still unclear. To figure out
how this alignment or misalignment can affect our under-
standing on the DB sample, we try to explore more details
on the orientations of the orbital plane and BLR as follows.
MNRAS 000, 000–000 (0000)
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Figure 4. Expected stacked Mg ii profile of the DB sample if those objects have flattened BLR geometry and are viewed with nearly
edge-on orientations as suggested by the Doppler boost hypothesis to their periodicity. In the top-left panel, blue histogram represents
the distribution of inclination angles for those 36 objects in the non-DB sample obtained from the simple BLR model fitting, and the
red histogram represents the inclination angle distribution of 21 mock DB objects randomly selected over the range from sin i = sin 45◦
to sin 90◦. In the bottom-left panel, the blue histogram represents the FWHM distribution for those 36 objects in the non-DB sample,
while the red histogram represents an FWHM distribution of the 21 objects in the mock DB sample randomly selected from the non-DB
sample by replacing their inclination angles with those for the mock DB objects shown in the top-left panel (red histogram). The grey,
blue, and red curves in the right panel show the stacked observed Mg ii profile for the non-DB sample (same as the blue curve in the
top-right panel of Fig. 3), the stacked modelled Mg ii profile for the non-DB sample (blue curve; same as the black curve in the top-right
panel of Fig. 3), and the expected stacked Mg ii profile for the mock sample of 21 mock DB objects (red curve with the corresponding
flux error , see Section 3 for details), respectively. The bottom-right panel shows the profile difference between the mock DB sample and
the non-DB sample, the valleys and summit features shown here are significantly different from that shown in Fig. 2.
For a BBH system corotating in a circular orbit, the am-
plitude of the observed flux variability caused by the Doppler
boost to the first order in v/c (Charisi et al. 2018) is:
A = (3− αν)
v
c
sin iorb, (4)
where v = 1
1+q
(
2piGM••
Porb
)1/3
is the orbital velocity, iorb is
the inclination angle of the orbital plane, q is the mass ra-
tio. With the observed amplitude Aobs and αν , the orbital
inclination angle is only determined by the orbital velocity
v, i.e.,
sin iorb =
Aobs
3− αν
c
v
(5)
Once the orbital period (Porb) and total mass (M••) are
given by observations, the orbital velocity v only varies with
q. Since q ranges from 0 to 1, the maximum and minimum
values of the orbital inclination angle can then be derived
as
sin imaxorb =
Aobs
3− αν
2c(
2piGM••
Porb
)1/3 (6)
sin iminorb =
Aobs
3− αν
c(
2piGM••
Porb
)1/3 (7)
After taking the observed Aobs and αv given in Table 2
of Charisi et al. (2018), the total massM•• and periods Porb
of the BBH systems given by Graham et al. (2015b) and
Charisi et al. (2016), we can calculate sin imaxorb and sin i
min
orb
for each QSO in the DB sample. For the only one QSO
in the DB sample (SDSS J154409.61+024040.0) that has
sin iminorb > 1, we simply set sin i
min
orb = 1 and sin i
max
orb = 1 for
further analyses.
With the calculated iminorb and i
max
orb , we assume that iorb
is represented by the median value of [iminorb , i
max
orb ] as
iorb =
iminorb + i
max
orb
2
, (8)
and the error of each iorb is roughly
σorbi =
imaxorb − i
min
orb
2
(9)
Figure 5 shows the distributions of inclination angles
of the BBH orbital plane (iorb) and BLR (iBLR). In the
DB sample, all the QSOs have iBLR < 45
◦, which are close
to face on. The iBLR distribution of the QSOs in the DB
MNRAS 000, 000–000 (0000)
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Figure 5. Distributions of iorb and iBLR for QSOs in the DB
sample. The DB sample are classified into four subsamples, based
on the alignment or misalignment of the orbital plane and BLR,
and the viewing angle of SMBBH orbital plane, i.e., face-on or
edge-on, of each QSO, i.e., 1) aligned and edge-on (red filled cir-
cles), 2) aligned and face-on (blue filled circles), 3) misaligned and
edge-on (red open circles), and 4) misaligned and face-on (blue
open circles). Top panel and right panel show the distributions
of iBLR (black histogram) and iorb (black histogram) of the DB
sample, respectively. In the top panel, we plot the iBLR distribu-
tion with black histogram. For comparison, the dashed histogram
presents the iBLR distribution of normal QSOs (Pancoast et al.
2014b; Williams et al. 2018).
sample have no significant difference with that of those nor-
mal QSOs (top panel) given by Pancoast et al. (2014b) and
Williams et al. (2018). Unlike the iBLR, those orbital incli-
nation angles iorb show a bimodal distribution (right panel),
which may suggest that not all the BBH orbital planes are
aligned with their BLRs.
Based on the difference between the two inclination an-
gles (∆i = iorb − iBLR) and their corresponding errors, we
find that 10 QSOs (filled circles in Figure 5) have iorb and
iBLR roughly the same with each other, which indicates that
their BBH orbital plane and the BLR are aligned. For the
other 11 QSOs (open circles in Figure 5), their iorb and iBLR
are significantly different from each other even after consid-
ering of their large uncertainties, which means that the BBH
orbital planes in those systems are misaligned with the BLR
planes.
According to the alignment or misalignment between
the BBH orbital plane and BLR, and the face-on or edge-on
view of BBH orbits, we further divide the DB sample into
four subsamples: 1) 10 aligned systems (filled circles), 2) 11
misaligned systems (open circles), 3) 11 face-on orbital plane
systems (iorb ≤ 45
◦, blue circles), and 4) 10 edge-on orbital
plane systems (iorb > 45
◦). With these classifications, we
then explore whether their stacked broad line profiles and
FWHM distributions have different features.
Figure 6 shows the results of 10 aligned and 11 mis-
aligned QSOs in the DB sample. Although the two kinds
of QSOs have different ∆i distribution (top-left panel), no
Figure 6. Stacked Mg ii profiles and FWMH distributions of
QSOs in the DB sample that are classified by the alignment and
misalignment of iorb and iBLR. Top-left panel shows the incli-
nation angle difference (∆i = iorb − iBLR) of 10 aligned (blue
histogram), 11 misaligned (red dashed histogram), and all the 21
(black histogram) QSOs in the DB sample. Bottom-left and top-
right panels show the corresponding Mg ii FWHM distributions
and stacked profiles of the three subsamples labelled with colors
the same as those in the top-left panel, respectively. For compar-
ison, the FWHM distribution of the non-DB sample (cyan his-
togram) also shows in the bottom-left panel. Bottom-right panel
shows the profile difference (∆F = Faligned−Fmisaligned) between
those two stacked profiles from the 10 aligned and 11 misaligned
QSOs.
Figure 7. Stacked Mg ii profiles and FWMH distributions of
QSOs in the DB sample that are classified by the face-on and
edge-on viewing angle iorb. Top-left panel shows the orbital in-
clination angle iorb distributions of 11 face-on (blue color), 10
edge-on (red color), and all the 21 (black color) QSOs in the
DB sample. Bottom-left and top-right panels show the corre-
sponding Mg ii FWHM distributions and stacked profiles of the
three subsamples labelled with colors the same as those in the
top-left panel, respectively. For comparison, the FWHM distribu-
tion of the non-DB sample also shows in the bottom-left panel
(cyan histogram). Bottom-right panel shows the profile difference
(∆F = Fface−on − Fedge−on) between those two stacked profiles
from the 11 face-on and 10 edge-on QSOs.
significant difference appears for both the Mg ii FWHM
distributions (bottom-left panel) and stacked profiles (top-
right panel). To check the detailed difference between the
two stacked profiles, we show the flux residuals ∆F =
Faligned − Fmisaligned in the bottom-right panel, which fluc-
tuate around zero and have no features like the valleys and
summit that shown in Figure 4.
Figure 7 shows the Mg ii FWHM distributions (bottom-
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left panel) and the stacked Mg ii line profiles (top-right
panel) for those QSOs in the face-on and edge-on subsam-
ples, respectively. Apparently there is no statistical differ-
ence between these two Mg iiFWHM distributions, and the
stacked Mg ii profiles from the face-on and edge-on subsam-
ples are quite similar with a flux residual in the velocity
space close to zero as shown in the bottom-right panel.
Based on the above analyses, neither the aligned or
misaligned nor the face-on or edge-on classifications of the
DB sample present any distinguishable difference for both
FWHM distributions and stacked Mg ii broad lines. This
conflicts with what we expect to the DB sample: the orbital
orientations of these BBH systems distribute from face-on
to edge-on, even though there is no correlations between iorb
and iBLR, we should still have opportunities to observe the
BLR in edge-on like inclination angles for a DB sample with
21 QSOs. Current results support that we can observe those
BBH orbits in both edge-on and face-on, but all of them
only have face-on oriented BLRs, which further enhance the
challenge for using the Doppler boost hypothesis to interpret
the QSOs with optical periodicity in the DB sample.
4 CONCLUSIONS
Optical periodicity QSOs are proposed to be candidates of
the sub-parsec BBHs. The periodic variations of a num-
ber of these candidates were suggested to be due to or-
bital modulated Doppler boosted continuum radiation from
the secondary component of the BBH systems if viewing
with close to edge-on orientations (D’Orazio et al. 2015;
Charisi et al. 2018). With this relativistic Doppler boost hy-
pothesis, Charisi et al. (2018) further divided these BBH
candidates into two classes according to their spectral prop-
erties, i.e., one class that can be explained by the Doppler
boost (DB) effect (DB objects) and the other class that can-
not (non-DB objects).
In this paper, we investigate the properties of the broad
emission lines of both the proposed DB and non-DB objects
by using their SDSS spectra and further test the DB hypoth-
esis. We find that the properties of various broad emission
lines of the DB objects are similar to those of the non-DB
objects and the stacked C iv, C iii], and Mg ii line profiles
of the DB sample are almost the same as those of the non-
DB sample. Under the DB hypothesis, however, we demon-
strate that the stacked broad lines of the DB sample, such
as C iv, C iii], Mg ii are expected to be double-peaked and
significantly broader than those of the non-DB sample, by
reasonably assuming that the DB objects have similar flat-
tened BLR geometry and structures as that of the non-DB
objects but viewing preferentially at close to edge-on ori-
entation under the DB hypothesis. This expectation is in
contradiction with the observational results of no difference
between the stacked broad emission line profiles of the pro-
posed DB and non-DB samples, which raises a significant
challenge to the Doppler boost interpretation for some of
those BBHs candidates suggested by their optical periodic-
ity.
By deriving the inclination angles of BLRs (iBLR) from
the MCMC fittings of the QSO broad lines by a simple BLR
model and estimating the orbital inclination angles (iorb) of
the SMBBH orbital planes based on the DB hypothesis, we
find that all the BLRs of QSOs in the DB sample are viewed
from face-on orientations, while the BBH orbits viewed in
the face-on and edge-on orientations are half-to-half. For
the 21 QSOs in the DB sample, 10 of them may have the
BLRs aligned with the BBH orbital planes, while the others
are not. However, after comparing the FWHM distributions
and stacked Mg ii profiles of these subsamples, no significant
differences are found either between those obtained from the
face-on and edge-on subsamples or between those from the
aligned and misaligned subsamples. This further enhances
the challenge on using Doppler boost hypothesis to interpret
the optical periodicity of the systems in the DB sample.
Even if the inclination angles of the BBH orbital planes are
not correlated with the BLRs, it is still surprising that no
single BLR is viewed at edge-on orientation, while both face-
on and edge-on orientations of the BBH orbital planes are
found in the DB sample with 21 QSOs.
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